We perform first-principles calculations of electron transport across a nickel-graphene interface.
I. INTRODUCTION
Recently there has been an increasing interest in the use of graphene for electronic devices. One of the outstanding questions is the magnitude of the contact resistance between graphene and metal electrodes, since a high contact resistance will limit the performance of field-effect transistors 1 . There have been several experimental investigations of the contact resistance of the metal-graphene interface using four-or two-probe measurements 2-6 and the transfer length method 3,7 , however, currently there is no clear consensus on the value and the dependence of the contact resistance on contact area, temperature and applied gate potential. Thus, there is a need for complementary theoretical studies which can give insight about the physical mechanism at play at the metal-graphene interface.
Previous first-principles theoretical studies have focused on the effect of charge transfer between metal and graphene on the contact resistance [8] [9] [10] [11] . In this paper we add new knowledge to the understanding of the graphene-metal contact by investigating the effect of covalent bond formation on the contact resistance. We will present quantum transport calculations of the electron transfer from a free suspended graphene sheet to a nickel contact through different metal-graphene contact geometries, where we vary the orientation of the graphene and the contact area between nickel and graphene. Graphene forms a strong covalent bond with nickel 8 which is similar to the bond formation between graphene and cobalt, palladium and titanium, thus, the theoretical predictions will also be relevant for these systems. We find that the contact resistance is independent of the orientation of the graphene, as well as of the contact area to the metal, in excellent quantitative agreement with recent experimental observations 2 .
II. THE CALCULATIONS Fig. 1 illustrates the four different graphene-nickel interfaces considered in this paper. For systems (a), (b), and (c) the graphene is adsorbed on a Ni(111) surface and oriented with a zigzag edge in the transverse transport direction (direction B in Fig. 1 ). In system (d) it is adsorbed on a Ni(100) surface and has an armchair edge in the transverse transport direction.
With these choice of orientation the lattice mismatch between nickel and graphene is about 1%. In order to simplify the comparison between the different systems, we fix the lattice constant of the graphene, and strain the nickel surface by 1% to obtain a commensurate supercell for both systems.
The overlap region between nickel and graphene is 4Å in (a), (c), (d), while it is 8Å in (b). In (c), (d) the graphene edge is passivated by hydrogen. Thus, the systems represent very different types of graphene-nickel interfaces.
For the calculations we have used Atomistix ToolKit (ATK) 12 , which is a densityfunctional theory code using numerical localized atomic basis sets. For the exchange-correlation we used the Perdew-Zunger parametrized local spin density approximation (LSDA) 15 since it has been demonstrated to give excellent results for the geometry of the nickel-graphene interface 16 . To determine the geometry of the interface, we first optimized the relative distance between the nickel surface and the graphene layer, with otherwise fixed atom positions. We find a distance of 2.00Å, in good agreement with Ref. between the graphene and nickel atoms. The bond formation destroys the π-conjugation of the graphene sheet and it is no longer flat, but buckled with distances between the nickel surface and the graphene sheet in the range 1.85-2.3Å. following we will analyze the calculations to understand the origin of the similar contact resistance of the four systems.
The transmission coefficient in Fig. 2 is obtained by averaging the transmission coefficient over the k-points in the B direction, k B . In Fig. 3 we show how the transmission coefficient varies as function of k B at the energy E − E F = 0.05 eV. For the perfect graphene sheet there are two transmission channels for k B < 0.0062 × 2π/a. We see that for system (a), systems behave qualitatively similar, but there are quantitative differences. It is interesting to note that system (b), which has a larger bonding area than system (a), has a slightly smaller transmission coefficient. Thus, the bonding area does not seem to be an important factor.
To gain further insight into the transport mechanisms, we have also calculated the current density in system (b) (without inclusion of non-local potential corrections 19 ), from the states with energy 0.05 eV. The result is shown in Fig. 4 and is a real-space view of the current density of the states giving rise to the curve (b) in Fig. 3 . the graphene sheet drops at the boundary between the graphene atoms bonded to the nickel surface and the non-bonded graphene atoms. This means that the main resistance occurs at the interface between non-bonded and bonded graphene atoms, which explains why the bonding area between nickel and graphene is not important. From this we may conclude that there is no relation between the contact resistance and the charge transfer between nickel and graphene, in contrast with weakly bonded systems where charge transfer has been observed to play an import role 10 .
III. A MODEL SYSTEM
To illustrate that the observed transmission coefficient is rather generic for covalently bonded graphene, we have set up a simple model system consisting of an aluminum surface and a graphene layer. The system is not relaxed, and the transmission coefficient is calculated Based on these results, we suggest the following model for the electron transmission for a covalently bonded graphene-metal system. The system can be divided into two parts: (i) the non-bonded graphene, and (ii) the metal surface with the covalently bonded graphene.
We may now diagonalize system (ii) into left-and right-going modes. When graphene is strongly bonded to the metal surface, we may regard graphene as an extension of the metal surface and there will be equally many left and right going modes in the graphene layer. An incoming left-going electron from system (i) may couple with either the left-or right-going modes in system (ii). In the strong coupling regime, the carbon atoms in system (ii) will be enough perturbed by the metal surface that both left-and right-going modes there bear very little resemblance to the modes in the non-bonded graphene. Thus, the incoming electrons from system (i) will on average have the same coupling strength with left-and right-going modes in system (ii), and thus approximately half of the incoming current is transmitted through the system, as the results in Fig. 2 show.
IV. DISCUSSION
Recent experiments on the contact resistance of the nickel-graphene interface 2 found that the contact resistance did not depend of the contact area, and has an edge contact resistance of ∼800 Ωµm at room temperature. Our calculations also show that the contact resistance is independent of the contact area. From the transmission spectra in Fig. 2 , and the approximation T (E) ≈ 0.06 (eVÅ) −1 |E − E F | the edge contact resistance can be calculated from 1/R = G 0 × 0.06 (eVÅ)
Using a room-temperature Fermi distribution in the electrodes, we obtain an edge contact resistance of ∼600 Ωµm. This is in excellent accordance with the experimentally observed value, and shows that the contact resistance in the experiment arises from the ballistic quantum contact resistance.
In summary, we have presented calculations demonstrating that the contact resistance of a nickel-graphene junction is independent of the contact area and the direction of the graphene sheet. The edge contact resistance is ∼600 Ωµm, corresponding to twice the ideal quantum contact resistance of pure graphene and in excellent agreement with experimental data. Additional model calculations predict that this result is generic for strongly bonded graphene on metal surfaces. * kurt.stokbro@quantumwise.com † http://quantumwise.com 2 K. Nagashio, T. Nishimura, K. Kita, and A. Toriumi, Appl. Phys. Lett., 97, 143514 (2010).
